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ABSTRACT 

Manned m i s s i o n s  t o  f e a t u r e s  of s c i e n t i f i c  i n t e r e s t  
on t h e  l u n a r  s u r f a c e  w i l l  have t o  l a n d ,  i n  many c a s e s ,  on 
s i t e s  t h a t  a r e  s m a l l e r  and more haza rdous  t h a n  t h e  Apo l lo  
s i t e s .  The gu idance  method p lanned  f o r  Apo l lo  may n o t  be 
s u f f i c i e n t l y  v e r s a t i l e  n o r  a c c u r a t e  enough to per fo rm l a n d i n g s  
a t  many of these p o i n t s .  

A l a n d i n g  procedure  t h a t  may make such l a n d i n g s  
p o s s i b l e  i s  proposed .  It i s  based on comple te  p o s i t i o n  
v e c t o r  u p d a t e s  d u r i n g  t h e  b r a k i n g  maneuver u s i n g  landmark 
i d e n t i f i c a t i o n ,  Minor changes i n  hardware and s o f t w a r e  
a r e  e x p e c t e d .  A d d i t i o n a l  da t a  a r e  n e c e s s a r y  b e f o r e  t h e  
f e a s i b i l i t y  of t h i s  method is  r e a s o n a b l y  v e r i f i e d .  
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INTRODUCTION 

The problem of l a n d i n g  a Lunar  Module (LM) t o  a 
p o i n t  on t h e  Moon i s  i n v e s t i g a t e d .  The o b j e c t  i s  to d e s i g n  
a l a n d i n g  method to a p rede te rmined  p o i n t  i n  h a z a r d o u s  areas 
on t h e  Moon. The h a z a r d s  impose e s s e n t i a l l y  two c o n s t r a i n t s  
on t h e  l a n d i n g .  F i r s t ,  a h igh  degree of a c c u r a c y  i n  l a n d i n g  
must be a c h i e v e d  s o  t h a t  t h e  LM may a v o i d  n e i g h b o r i n g  p o i n t s  
where l a n d i n g  i s  too dangerous .  Second, t h e  t r a j e c t o r y  must 
be r e l a t i v e l y  independen t  of t h e  t e r r a i n  so as  to a v o i d  v i o l e n t  
changes  of p i t c h  r e s u l t i n g  from t e r r a i n  e l e v a t i o n  d i f f e r e n c e .  
The l a n d i n g  p r o c e d u r e  proposed  below may make such  l a n d i n g s  
p o s s i b l e  w i t h  o n l y  minor  m o d i f i c a t i o n s  of hardware  and soft- 
ware  and w i t h o u t  c a l l i n g  f o r  more a c c u r a t e  mapping and g u i d -  
a n c e  t h a n  i s  a l r e a d y  a t t a i n a b l e .  

The v i s i b i l i t y  phase  of t h e  t r a j e c t o r y  p l anned  f o r  
Apo l lo  m i s s i o n s  i s  c o m p a r a t i v e l y  f l a t  ( F i g .  1). High g a t e  is 
a p p r o x i m a t e l y  30,000 ft uprange  and 8,500 ft above t h e  l a n d i n g  
p o i n t .  Dur ing  t h e  b r a k i n g  phase ,  s t a r t i n g  a t  a b o u t  35,000 f t  
a l t i t u d e ,  t h e  LM f l y s  windows up and t h e  o n l y  i n t e r a c t i o n  of 
t h e  LM g u i d a n c e  s stem w i t h  t h e  l u n a r  s u r f a c e  i s  t h r o u g h  t h e  
l a n d i n g  r a d a r  (LR 9 , which s u p p l i e s  t h e  g u i d a n c e  sys t em w i t h  
a l t i t u d e  and v e l o c i t y  u p d a t e s .  The l a n d i n g  a r e a  and t h e  a p -  
p r o a c h  r a y  a r e  s e l e c t e d  s o  t h a t  t h e  t e r r a i n  i s  smooth and d o e s  
n o t  c a u s e  t h e  LM t o  e x e c u t e  e x c e s s i v e  p i t c h  maneuvers.  The 
l a n d i n g  a r e a  used f o r  s i t e  s e l e c t i o n  p u r p o s e s  i s  a p p r o x i m a t e l y  
t h e  same s i z e  a s  t h e  30 e r r o r  e l l i p s e  of t h e  LM g u i d a n c e  s y s -  
tem and t h e  LM i s  f r ee  to l a n d  anywhere w i t h i n  t h a t  a r e a  
( F i g .  2 ) .  
o b s t a c l e s  l a r g e r  t h a n  a c e r t a i n  s i z e .  

The  o n l y  r e s t r i c t i o n  i s  t h a t  t h e  LM must a v o i d  

TECHNICAL DISCUSSION 
The l a n d i n g  p o i n t  i.n ' I  s c i e n c e  s i tes"  may be s u r -  

roundec? by rough t e r r a i n .  In t h i s  ca.se i t  i s  des i r ab le  to 
p r o v i d e  independence  of t h e  t r a j e c t o r y  from t h e  t e r r a i n ,  b o t h  
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b e f o r e  and a f t e r  h i g h  g a t e .  Af t e r  h i g h  g a t e  t h i s  g o a l  may 
be accompl ished  by  p o i n t i n g  t h e  l a n d i n g  radar  a t  t h e  l a n d i n g  
s i t e  as soon as t h e  l a n d i n g  s i t e  i s  a c q u i r e d  w i t h  t h e  Landing 
P o i n t  D e s i g n a t o r  ( L P D ) .  I f  t h e  approach  t r a j e c t o r y  a f t e r  
h i g h  g a t e  i s  t o o  f l a t ,  t h r e e  a d v e r s e  c o n d i t i o n s  may r e s u l t .  
F i r s t ,  t h e  d i s p e r s e d  r a n g e  b e a m  w i l l  c o v e r  a n  a r e a  t o o  l a rge  
f o r  a n  a c c u r a t e  r ange  measurement. Second,  t h e  d i s t a n c e  from 
t h e  LM t o  t h e  t a r g e t  w i l l  be t o o  l a r g e  f o r  a d e q u a t e  r ada r  
o p e r a t i o n  and ,  t h i r d ,  t h e  ang le  o f  i n c i d e n c e  o f  t h e  beam a t  
t h e  l u n a r  s u r f a c e  w i l l  n o t  b e  f a v o r a b l e  f o r  a d e q u a t e  power 
r e t u r n  of  t h e  r e f l e c t e d  s i g n a l .  S t e e p  t r a j e c t o r y  s o l v e s  t hese  
problems s i n c e ,  f o r  a g i v e n  t ime from h i g h  g a t e  t o  l a n d i n g ,  
t h e  r ange  i s  s h o r t e r  and t h e  a n g l e  o f  i n c i d e n c e  i s  more f a v o r -  
a b l e .  

I n  a d d i t i o n  t o  t h e  i n f l u e n c e  of t h e  t e r r a i n ,  con- 
s i d e r a t i o n s  o f  v i s i b i l i t y  c o n s t r a i n t s  e n t e r  i n t o  t h e  t r a j e c -  
t o r y  d e s i g n .  The v i s i b i l i t y  r e q u i r e m e n t s  imply  t h a t  d u r i n g  
t h e  f i n a l  approach  phase  the  t r a j e c t o r y  must be s t e e p e r  t h a n  
t h e  s u n  e l e v a t i o n  a n g l e .  During l a t e r  l u n a r  l a n d i n g s  to 
s c i e n c e  s i t e s  i t  w i l l  be n e c e s s a r y  t o  l a n d  e s s e n t i a l l y  t o  a 
p o i n t .  Landing t o  a p o i n t  i m p l i e s  t h a t  t h e  nominal  t r a j e c -  
t o r y  s h o u l d  be b iased  uprange s o  t h a t ,  i n  no c a s e ,  w i l l  
r e d e s i g n a t i o n s  uprange  b e  r e q u i r e d .  (The r e s u l t i n g  p i t c h  
v a r i a t i o n s  cause  loss of  v i s i b i l i t y . )  B i a s i n g  t h e  t r a j e c t o r y  
i n  s u c h  a manner f l a t t e n s  t h e  approach  and r e d u c e s  v i s i b i l i t y .  
A 3a uprange  e r r o r  f rom t h e  b i a s e d  l a n d i n g  p o i n t  f l a t t e n s  t h e  
t r a j e c t o r y  even  f u r t h e r  ( F i g u r e  3 ) .  Thus,  l a n d i n g  c o u l d  b e  
a t t e m p t e d  only  when t h e  s u n  i s  l e s s  t h a n  8' above t h e  l o c a l  
h o r i z o n .  

I n  o r d e r  t o  i n s u r e  a h i g h  l aunch  p r o b a b i l i t y  d u r i n g  
any g i v e n  month, s u f f i c i e n t  t i m e  f o r  t w o  countdown r e c y c l e s ,  
t h a t  i s ,  a 5 day l a u n c h  window i s  d e s i r a b l e .  however,  unde r  
c u r r e n t  c o n s t r a i n t s ,  a c c e p t a b l e  l i g h t i n g  c o n d i t i o n s  a t  a g i v e n  
p o i n t  on t h e  Moon ( n e a r  t h e  e q u a t o r )  l a s t  f o r ,  a t  most ,  one d a y .  
Two complementary s t e p s  may be  t a k e n ;  t h e  f i r s t  i s  t o  s c h e d u l e  
t h e  f i r s t  l a u n c h  o p p o r t u n i t y  a f e w  d a y s  b e f o r e  l i g h t i n g  condi -  
t i o n s  a re  a p p r o p r i a t e  and modify t h e  f l i g h t  t i m e ,  s o  t h a t  l and-  
i n g  w i l l  o c c u r  when l i g h t i n g  c o n d i t i o n s  are  f a v o r a b l e  a t  t h e  
l a n d i n g  s i t e .  The second i s  t o  i n c r e a s e  t h e  s t e e p n e s s  of t h e  
t r a j e c t o r y  s o  t h a t  t h e  l i g h t i n g  r e q u i r e m e n t s  may be r e l a x e d ,  
and  a n  i n c r e a s e d  l a n d i n g  p e r i o d  made a v a i l a b l e .  

A l l  o f  t h e  above f a c t o r s  l ead  t o  a c o n s i d e r a t i o n  o f  
s t e e p  t r a j e c t o r y  l a n d i n g .  S a f e t y  r e q u i r e m e n t s  ( a v o i d a n c e  o f  
"dead man's t r a j e c t o r y " )  p r o h i b i t  t h e  u s e  o f  n e a r  v e r t i c a l  
t r a j e c t o r i e s .  The LM window geometry imposes a n  a b s o l u t e  
maximum o f  65' on t h e  s t e e p n e s s ,  b u t  t h e  p r a c t i c a l  maximum 
i s  p r o b a b l y  50' to 55O. 

Approximate c a l c u l a t i o n s  o f  s t e e p  LM t r a j e c t o r i e s  
(35' and 45') were c a r r i e d  out  (Append ix ) .  The p r e l i m i n a r y  
d a t a  o b t a i n e d  f o r  45' l a n d i n g  a r e  used  i n  t h e  d i s c u s s i o n  
below ( F i g u r e  4). 
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During a s t e e p  t r a j e c t o r y  l a n d i n g ,  i t  i s  i m p e r a t i v e  
t h a t  t h e  LM p o s i t i o n  e r r o r  be c o r r e c t e d  b e f o r e  h i g h  g a t e .  
The r e q u i r e m e n t  o f  minimiz ing  f u e l  e x p e n d i t u r e  i m p l i e s  t h a t  
t h e  f i n a l  approach  phase  cannot  l a s t  l o n g .  Thus,  t h e  f i n a l  
approach  f o r  a 45" l a n d i n g  must s t a r t  abou t  8,000 f t  uprange  
f rom t h e  l a n d i n g  p o i n t  ( F i g .  5 ) .  However, t h e  p r e s e n t  30 
downrange e r r o r  i s  i n  e x c e s s  o f  12,000 f t .  Thus,  i t  i s  q u i t e  
p o s s i b l e  t h a t  when t h e  p i t c h  a n g l e  changes  a t  h i g h  g a t e  t h e  
l a n d i n g  p o i n t  w i l l  be behind  t h e  LM ( F i g .  6 ) .  Even assuming 
t h a t  t h e  p i l o t  r e a l i z e s  immedia te ly  what  h a s  happened,  h e  may 
n o t  have enough f u e l  t o  change t h e  d i r e c t i o n  o f  motion and 
conduct  a safe l a n d i n g .  

It a p p e a r s  t h a t  t h e  problem i s  p r i m a r i l y  one o f  
a c c u r a t e  n a v i g a t i o n .  I f  t h e  p o s i t i o n  c o r r e c t i o n s  a r e  made 
e a r l y  enough t h e y  c o s t  l e s s  f u e l .  I f  t h e  nominal  h i g h  g a t e  
p o s i t i o n  i s  a c h i e v e d ,  much o f  t h e  f u e l  s p e n t  to shape  t h e  
t r a j e c t o r y  may be r e c o v e r e d ,  a s  v e r y  l i t t l e  f u e l  w i l l  b e  
needed f o r  r e d e s i g n a t i o n s .  

METHOD OF IMPLEMENTATION 

Two methods of a c h i e v i n g  s u f f i c i e n t  a c c u r a c y  were 
examined.  The f i r s t  i n v o l v e s  g e t t i n g  a f i x  of  t h e  LM f rom 
t h e  CSM, u s i n g  t h e  CSM s e x t a n t  and rendezvous  r a d a r .  However, 
a few d i f f i c u l t i e s  a r e  e n c o u n t e r e d ,  F E r s t ,  even  i f  t h e  p o s i -  
t i o n  o f  t h e  LM i s  found a c c u r a t e l y  w i t h  r e s p e c t  to the CSM, 
t h e  p o s i t i o n  o f  t h e  CSM i s  known o n l y  w i t h  r e s p e c t  to some 
p o i n t  on t h e  s u r f a c e  which i s  n o t  n e c e s s a r i l y  t h e  l a n d i n g  
p o i n t .  The i n a c c u r a c y  of t h e  t r a n s f o r m a t i o n  between two such 
p o i n t s  i s  s u f f i c i e n t  to cause  l a r g e  a m b i g u i t i e s  i n  t h e  l o c a -  
t i o n  of  t h e  LM w i t h  r e s p e c t  t o  t h e  l a n d i n g  p o i n t .  Second, 
no d i r e c t  t r a n s f e r  o f  d a t a  from t h e  CSM to t h e  LM p r e s e n t l y  
e x i s t s .  T h i r d ,  a few u p d a t e s  may be needed i n  t h e  f i n a l  
s t a g e s  o f  t h e  b r a k i n g  maneuver to c o r r e c t  t h e  t r a j e c t o r y  of  
t h e  LM, and t h e  CSM p i l o t  may n o t  have time to u p d a t e  h i s  
own p o s i t i o n  and g e t  f i x e s  o f  t h e  LM. 

T h e  second method c o n s i d e r e d  i n v o l v e s  landmark 
i d e n t i f i c a t i o n  by t h e  LM crew d u r i n g  t h e  f i n a l  p o r t i o n  of  
t h e  b r a k i n g  maneuver.  The d a t a  a c q u i r e d  by i d e n t i f y i n g  t h o s e  
l andmarks ,  and t h e  p o s i t i o n  of t h e  LM w i t h  r e s p e c t  to them,  
may be  used to c o r r e c t  t h e  LM f l i g h t  t r a j e c t o r y  b e f o r e  h i g h  
g a t e .  

W i t h  t h e  LM f l y i n g  windows down a l m o s t  a l l  t h e  way 
to h i g h  g a t e ,  t h e  crew can  u s e  t h e  LPD ( u n l e s s  someth ing  
b e t t e r  i s  d e v i s e d  by  1972-73) f o r  t h e  i d e n t i f i c a t i o n  and 
marking  o f  t h e  landmarks .  The l a n d i n g  r a d a r  w i l l  be  used  
f o r  r ange  measurements .  The l a n d i n g  r a d a r  w i l l  have to be 
a r t i c u l a t e d  and mod i f i ed  s o  t h a t  i t  can  p o i n t  to t h e  ground 
when t h e  windows a r e  down a s  w e l l  a s  when t h e y  a r e  up.  
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The LM crew w i l l  i d e n t i f y  a landmark whose p o s i t i o n  
v e c t o r ,  w i t h  r e s p e c t  to t h e  h i g h  g a t e  p o s i t i o n  o f  t h e  LM, 
w i l l  have been  p r e v i o u s l y  s t o r e d  i n  t h e  LM g u i d a n c e  computer  
( L G C ) .  The landmark ,  i n  g e n e r a l ,  w i l l  b e  o u t s i d e  t h e  p l a n e  
of  t h e  t r a j e c t o r y .  The LM p i l o t  w i l l  e x e c u t e  a body r o l l  ( p i l o t  
yaw) and super impose  t h e  c e n t e r  l i n e  o f  t h e  LPD on t h e  l a n d -  
mark  ( t h e  l a n d i n g  r a d a r  rolls w i t h  t h e  r e s t  o f  t h e  LM) .  The 
yaw r e g i s t e r s  i n  t h e  L G C  a u t o m a t i c a l l y  t h r o u g h  t h e  i n e r t i a l  
measurement u n i t  ( I M U ) .  When t h e  landmark passes under  a 
p r e d e t e r m i n e d  a n g l e  mark on t h e  LPD ( s a y  10") t h e  radar r a n g e  
beam p o i n t s  at t h e  landmark,  and t h e  LM p i l o t  causes  t h e  data  
s t o r e d  i n  t h e  LGC t o  e n t e r  t h e  c a l c u l a t i o n  c y c l e  and t h e  
l a n d i n g  radar  r ange  d a t a  t o  b e  sampled .  The computer  f i r s t  
c a l c u l a t e s  t h e  p o s i t i o n  v e c t o r  o f  t h e  LM w i t h  r e s p e c t  t o  t h e  
landmark and t h e n  adds i t  t o  t h e  p o s i t i o n  v e c t o r  f rom h i g h  
g a t e  t o  t h e  landmark.  The r e s u l t  i s  a v a l u e  f o r  t h e  p o s i -  
t i o n  v e c t o r  of  t h e  LM w i t h  r e s p e c t  t o  h i g h  g a t e ,  based on t h e  
landmark i d e n t i f i c a t i o n .  We w i l l  r e f e r  to i t  as t h e  "Land- 
mark P o s i t i o n  Vec to r " .  

The u s u a l  2 second computa t ion  c y c l e  i n  t h e  computer  
y i e l d s  a n o t h e r  p o s i t i o n  v e c t o r  based  on i n t e g r a t i o n  of t h e  
e q u a t i o n s  o f  motion s u b j e c t  to i n p u t  from t h e  I M U  a c c e l e r o -  
m e t e r s .  We w i l l  r e f e r  to i t  as t h e  " I M U  P o s i t i o n  Vec to r " .  
The two p o s i t i o n  v e c t o r s  i n  g e n e r a l  w i l l  n o t  a g r e e ,  and b o t h  
are  i n  e r r o r .  However, t h e  p o s i t i o n  v e c t o r  o b t a i n e d  from t h e  
landmark i d e n t i f i c a t i o n  i s  more a c c u r a t e  ( s u b j e c t  t o  c u r r e n t  
e r r o r  e s t i m a t e s  o f  t h e  I M U  P o s i t i o n  V e c t o r )  i f  t h e  landmark i s  
n e a r  enough to h i g h  g a t e .  The I M U  P o s i t i o n  V e c t o r  i n  t h e  L G C  
must be upda ted  s o  t h a t  i t  may t h e n  b e  used  i n  t h e  gu idance  
e q u a t i o n s .  

I n  t h e  c u r r e n t  gu idance  program, t h e  d i f f e r e n c e  
i n  a l t i t u d e  between t h e  a l t i t u d e  component o f  t h e  I M U  p o s i -  
t i o n  v e c t o r  and t h e  radar a l t i t u d e  measurement i s  m u l t i p l i e d  
by  a l i n e a r i z e d  w e i g h t i n g  f u n c t i o n ,  t h e n  added to t h e  c a l c u -  
l a t e d  v a l u e .  The same s t r a t e g y  may b e  used  f o r  t h e  new p o s i -  
t i o n  v e c t o r  found b y  t h e  landmark i d e n t i f i c a t i o n  p r o c e s s .  

A f t e r  t h e  u p d a t e  has been comple t ed ,  t h e  radar  i s  
n o t  sampled u n t i l  t h e  n e x t  landmark.  The computer  u ses  t h e  
l a s t  upda ted  p o s i t i o n  v e c t o r  and  t h e  I M U  o u t p u t  t o  g u i d e  t h e  
LM to h i g h  g a t e  u n t i l  a new u p d a t e  f o r  t h e  p o s i t i o n  v e c t o r  
becomes a v a i l a b l e  a t  t h e  next  landmark and t h e  p r o c e s s  i s  
r e p e a t e d .  

The u p d a t e s  w i l l  s t a r t  a t  abou t  3 0 , 0 0 0  ft a l t i t u d e  
and  a b o u t  25O,OOO f t  uprange (for a 45' l a n d i n g )  from h i g h  
g a t e .  The LM i s  i n  t h a t  p o s i t i o n  a b o u t  2 0 0  seconds  p r i o r  
t o  h i g h  ga t e .  The  l a s t  landmark u p d a t e  s h o u l d  be a p p r o x i -  
ma te ly  30 seconds  b e f o r e  h i g h  g a t e ,  t h a t  i s ,  a p p r o x i m a t e l y  
1 0 , 0 0 0  f t  uprange from h igh  g a t e .  Dur ing  t h e s e  170 seconds  
i t  i s  e x p e c t e d  t h a t  t h e  crew may b e  ab le  to i d e n t i f y  f o u r  or 
f i v e  landmarks .  
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I n  t h e  b e g i n n i n g  o f  t h e  i d e n t i f i c a t i o n  p r o c e s s ,  
two or t h r e e  landmarks should  b e  c o n s i d e r e d  a c r o s s  t h e  w i d t h  
o f  t h e  t r a c e  o f  t h e  e r r o r  e l l i p s o i d  ( t h a t  i s ,  o r t h o g o n a l  t o  
t h e  nominal  t r a j e c t o r y  p l a n e ) .  T h i s  i s  n e c e s s a r y  t o  minimize 
t h e  y a w  maneuvers and subsequen t  r e d u c t i o n  o f  t h e  l a n d i n g  radar 
pe r fo rmance .  The q u a d r a t i c  g u i d a n c e  b r i n g s  t h e  v e h i c l e  q u i c k l y  
t o  i t s  nominal  p l a n e  i f  " S  curve"  maneuvers a re  a l l o w e d ,  and  
a f t e r  one or two landmarks a r e  i d e n t i f i e d ,  t h e  yaw maneuver 
w i l l  b e  ve ry  smal l .  

LANDMARK IDENTIFICATION 

The landmarks s h o u l d  be  r e l a t i v e l y  f l a t  a r e a s  i n  
t h e  immediate  v i c i n i t y  o f  e a s i l y  i d e n t i f i a b l e  f e a t u r e s ,  l a r g e  
enough t o  i n s u r e  q u i c k  i d e n t i f i c a t i o n .  The f l a t n e s s  r e q u i r e -  
ment i s  due t o  t h e  6 O  d i s p e r s i o n  o f  t h e  l a n d i n g  radar  r a n g e  
beam. The  landmark s h o u l d  be as n e a r  a s  p o s s i b l e  t o  t h e  
nominal  t r a j e c t o r y  p l a n e  t o  minimize yaw maneuvers .  

A s i m p l e  n a v i g a t i o n  a i d  cou ld  b e  i n c o r p o r a t e d  t o  
make t h e  landmark i d e n t i f i c a t i o n  e a s i e r .  I t  would c o n s i s t  o f  
a p i t c h  a n g l e  d i s p l a y  and a c h a r t  w i t h  t ime  marks moved by  a 
c l o c k .  The c h a r t ,  w i t h  a c o n t i n u o u s l y  v a r i a b l e  mapping s c a l e ,  
w i l l  d i s p l a y  t h e  a r e a  under  t h e  LM as t h e  LM moves i n  i t s  
nominal  t r a j e c t o r y .  I n  p a r t i c u l a r ,  t h e  c h a r t  w i l l  d i s p l a y  
t h e  landmarks t o  b e  i d e n t i f i e d  and t h e  nominal  t ime  a t  which 
t h e  LM i s  e x p e c t e d  t o  be above them. The t ime  marks  on t h e  
c h a r t  and t h e  d i s p l a y  o f  t h e  nominal  time a t  which t h e  l a n d -  
mark i s  e x p e c t e d  unde r  t h e  LM s e r v e  a double  f u n c t i o n :  (1) once 
t h e  f i r s t  landmark has  been  i d e n t i f i e d  t h e  p i l o t  s h o u l d  know 
when t o  e x p e c t  t h e  n e x t  one ;  ( 2 )  any l a r g e  d i s c r e p a n c y  between 
t h e  a c t u a l  e lapsed t i m e  from one landmark t o  a n o t h e r ,  and t h e  
nominal  t i m e  would be an  i n d i c a t i o n  o f  a f a i l u r e  i n  t h e  n a v i -  
g a t i o n  sys t em.  The p i l o t  will be e x p e c t e d  t o  compare t h e  
c h a r t  t o  t h e  t e r r a i n  below for approx ima te ly  a minute  p r i o r  
t o  t h e  f i r s t  landmark.  This  p r o c e d u r e  w i l l  e n a b l e  h im t o  
a n t i c i p a t e  t h e  landmark,  t h u s  a i d i n g  t h e  i d e n t i f i c a t i o n .  
T h i s  d e v i c e  w i l l  a l s o  f r e e  t h e  second crew member f rom n a v i -  
g a t i o n a l  tasks ,  e n a b l i n g  him t o  m o n i t o r  t h e  LM s y s t e m s  and 
p e r f o r m  o t h e r  t a s k s .  

(1) 

The t ime  needed f o r  t h e  i d e n t i f i c a t i o n  and marking 
of  a prominent  f e a t u r e  on t h e  l u n a r  s u r f a c e  was e s t i m a t e d  as 
30 s e c o n d s .  No r e a l i s t i c  e s t i m a t e  can b e  made u n t i l  s imu la -  
t i o n s  a r e  c a r r i e d  o u t .  The minimum a v a i l a b l e  t i m e  f o r  
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i d e n t i f i c a t i o n  i s  2 5  seconds ,  which i s  t h e  t ime needed  f o r  
t h e  LM t o  advance  from t h e  p o i n t  where t h e  f i r s t  landmark 
can  be  s e e n  th rough  t h e  window t o  t h e  p o i n t  d i r e c t l y  above 
t h e  landmark.  

HARDWARE IMPLI C A T 1  ONS 

The p r o c e d u r e  d e s c r i b e d  above i s  i m p o s s i b l e  u n l e s s  
some m o d i f i c a t i o n s  are made t o  t h e  l a n d i n g  radar a n t e n n a  and 
a s s o c i a t e d  l o g i c .  F i r s t ,  t h e  p o s i t i o n  o f  t h e  a n t e n n a  must b e  
changed.  Two problems r e s u l t  f rom i t s  p r e s e n t  l o c a t i o n :  
(1) t h e  radar beam may b e  r e f l e c t e d  o f f  t h e  d e s c e n t  e n g i n e  
s k i r t  a t  windows down p o s i t i o n ,  and ( 2 )  i n t e r f e r e n c e  o f  t h e  
beam w i t h  t h e  l a n d i n g  g e a r  i s  a l s o  p o s s i b l e  a t  c e r t a i n  a n t e n n a  
a n g l e s  ( F i g s .  7 and 8 ) .  To s a t i s f y  t h e  f i r s t  r e q u i r e m e n t  t h e  
a n t e n n a  w i l l  have t o  be  moved n e a r e r  t o  t h e  l a n d i n g  g e a r  which 

o f  Ryan A e r o n a u t i c a l  Co. He i n d i c a t e d  t h a t  t h e  p o s i t i o n  w i l l  
have t o  be de te rmined  e x p e r i m e n t a l l y  and t h a t  t h e  e x p e r i m e n t a l  
f a c i l i t y  e x i s t s  a t  t h e  Ryan p l a n t .  

may a g g r a v a t e  t h e  second problem, a c c o r d i n g  t o  R .  H a r r i n g t o n  (2) 

Second,  s t r u c t u r a l  p roblems may a r i s e  a s  a r e s u l t  
o f  a r t i c u l a t i o n  and t h e  change o f  l o c a t i o n .  These problems 
w i l l  have t o  b e  i n v e s t i g a t e d .  

T h i r d ,  a 180° r o t a t i o n  o f  t h e  LM t o  windows down 
p o s i t i o n  would c a u s e  t h e  r a d a r  beam c o n f i g u r a t i o n  t o  be  i n -  
v e r t e d .  I n  o r d e r  t o  remedy t h i s  problem t h e  LR a n t e n n a  must 
a l s o  be r o t a t e d  180~. This  would c a u s e  a s i g n  change i n  t h e  
down and c r o s s  r a n g e  components o f  t h e  v e l o c i t y  v e c t o r .  A 
s i m p l e  change i n  t h e  l o g i c  c o u l d  cause  t h e s e  components t o  
have  t h e  r i g h t  s i g n .  A l l  t h a t  may be  needed i s  f o r  t h e  com- 
p u t e r  t o  m u l t i p l y  them by -1 a f t e r  h i g h  g a t e  ( F i g s .  9 and 10). 

The c o n f i g u r a t i o n  change may a c t u a l l y  b e  advan ta -  
geous t o  t h e  radar per formance .  Dur ing  t h e  second phase  a f t e r  
h i g h  g a t e ,  t h e  r a n g e  beam w i l l  be  e x p e c t e d  t o  p o i n t  a t  t h e  
l a n d i n g  s i t e .  With t h e  Apollo c o n f i g u r a t i o n  and a l i n e - o f -  
s ight ;  o f  4 5 O ,  t h e  t h i r d  v e l o c i t y  beam would be  a l m o s t  p a r a l l e l  
t o  t h e  s u r f a c e .  With t h e  modi f ied  c o n f i g u r a t i o n  t h e  t h i r d  
v e l o c i t y  beam i s  a lmos t  p e r p e n d i c u l a r  t o  t h e  s u r f a c e .  

SOFTWARE IMPLICATIONS 

Some m o d i f i c a t i o n s  i n  t h e  s o f t w a r e  would a l s o  be  
n e c e s s a r y .  F i r s t ,  a l t i t u d e  u p d a t e s  w i l l  n o t  b e  made c o n t i n u -  
o u s l y  t o  h i g h  g a t e .  Updates w i l l  b e  made on ly  a t  i d e n t i f i e d  
l andmarks ,  whose p o s i t i o n  v e c t o r s  a r e  known w i t h  r e s p e c t  t o  
h i g h  g a t e .  The p o s i t i o n  v e c t o r  o f  t h e  LM w i l l  b e  upda ted  i n  
a l l  t h r e e  c o o r d i n a t e s  r a t h e r  t h a n  i n  a l t i t u d e  o n l y .  The 
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e x i s t i n g  gu idance  program does p r e c i s e l y  t h a t ,  b u t  o n l y  one 
component o f  t h e  c o r r e c t i o n  i s  c a l c u l a t e d  f rom t h e  l a n d i n g  
r a d a r  measurement.  T h e r e f o r e ,  o n l y  minor  changes  may be  
n e c e s s a r y  i n  t h e  program i t s e l f .  Weight ing  f u n c t i o n s  which 
would minimize f u e l  e x p e n d i t u r e  w h i l e  maximizing t h e  accu-  
r a c y  s h o u l d  be  deve loped .  

Second,  l o g i c  f o r  t h e  a r t i c u l a t i o n  o f  t h e  radar 
a n t e n n a  w i l l  b e  needed .  Three modes a r e  n e c e s s a r y :  

1. Dur ing  t h e  b r a k i n g  phase  t h e  r a n g e  beam must 
p o i n t  a t  a f i x e d  a n g l e  w i t h  r e s p e c t  to t h e  
t h r u s t  a x i s .  No a r t i c u l a t i o n  i s  needed .  

2 .  Dur ing  t h e  second phase ( a f t e r  h i g h  g a t e )  t h e  
r a n g e  beam must p o i n t  t o  t h e  l a n d i n g  s i t e .  The 
LM gu idance  computer c o n t i n u o u s l y  c a l c u l a t e s  t h e  
a n g l e  t o  t h e  l a n d i n g  s i t e  and d i s p l a y s  t h e  v a l u e  
for r e d e s i g n a t i o n  p u r p o s e s .  The same v a l u e  c o u l d  
be used  as a s e r v o  i n p u t  t o  p o i n t  t h e  r a n g e  beam 
to t h e  l a n d i n g  s i t e .  

3 .  During t h e  v e r t i c a l  f i n a l  a p p r o a c h ,  t h e  s e r v o  i n p u t  
may b e  t h e  p i t c h  a n g l e .  

A S S O C I A T E D  E R R O R S  

I n  g e n e r a l ,  t h e  ambigui ty  o f  t h e  p o s i t i o n  v e c t o r  o f  t h e  
LM c a l c u l a t e d  from t h e  landmarks i s  due t o  t h r e e  t y p e s  o f  e r r o r s :  
t h a t  o f  t h e  landmark p o s i t i o n  w i t h  r e s p e c t  t o  h i g h  g a t e ,  t h a t  o f  
t h e  LM w i t h  r e s p e c t  t o  t h e  landmark, and t h a t  o f  t h e  gu idance  
sys t em.  The c a u s e s  o f  t h e s e  e r r o r s  a r e :  

1. Mapping e r r o r s ;  r e l a t i v e  h e i g h t  a n d  p o s i t i o n  o f  p o i n t s  
on the  l u n a r  s u r f a c e  

2 .  LPD e r r o r s  i n  i d e n t i f y i n g  t h e  landmark 

3.  Landmark ambigui ty  

4 .  Landing radar e r r o r s  

5 .  T i m e  d e l a y  from marking t o  da t a  sampl ing  ( p i l o t  
r e a c t i o n  t i m e )  

The ambigu i ty  o f  d i s t a n c e  between two p o i n t s  on  
c o n t i g u o u s ,  medium r e s o l u t i o n  Lunar  O r b i t e r  V pho tographs  
i s ,  a t  most ,  800 ft(3). R e l a t i v e  e l e v a t i o n  a m b i g u i t i e s  are  
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r a t h e r  l a r g e  s i n c e  g e n e r a l  s l o p e s  up t o  2 %  may n o t  be d e t e c -  
t e d .  However, t h o s e  e l e v a t i o n  a m b i g u i t i e s  c o u l d  n o t  exceed  
3 , 0 0 0  f t .  The u n c e r t a i n t y  i n  t h e  r e l a t i v e  h e i g h t  d i m i n i s h e s  
i n  p r o p o r t i o n  t o  t h e  d i s t a n c e  between two p o i n t s ,  and i f  t h e  
l a s t  landmark i d e n t i f i e d  i s  1 0 , 0 0 0  f t  uprange from h i g h  g a t e ,  
t h e  r e l a t i v e  h e i g h t  u n c e r t a i n t y  i s  no more t h a n  2 0 0  f t ,  a 
t o l e r a b l e  amount. P l ane  change maneuvers needed  t o  c o r r e c t  
f o r  c r o s s  r a n g e  e r r o r s  w i l l  b e  made e a r l y ,  i n s u r i n g  t h a t  t h e  
LM i s  very  n e a r l y  i n  t h e  nominal t r a j e c t o r y  p l a n e  b e f o r e  t h e  
l a s t  two or t h r e e  landmarks are  i d e n t i f i e d .  

F. Heap (4) e s t i m a t e s  t h a t  LPD e r r o r s  are  between . 5 O  
and  2 O .  The r e s u l t i n g  u n c e r t a i n t y  i n  t h e  l o c a t i o n  o f  t h e  l a n d -  
mark i s  a f u n c t i o n  of t h e  range  from t h e  LM t o  t h e  landmark .  
That  r a n g e  i s  l a r g e s t  a t  t h e  f i r s t  landmark and smal les t  a t  
t h e  l a s t .  Cor re spond ing ly ,  t h e  p o s i t i o n  e r r o r  a s s o c i a t e d  w i t h  
t h e  LPD i n a c c u r a c y  i s  l e s s  t h a n  900 f t  a t  t h e  f i r s t  landmark 
and  l e s s  t h a n  300 f t  a t  t h e  l a s t  o n e .  T h i s  e r r o r  i s  i n  b o t h  
c r o s s  r ange  and uprange d i r e c t i o n s .  

By landmark ambigui ty  w e  mean t h e  d i f f i c u l t y  i n  
d e c i d i n g  which p o i n t  on t h e  f e a t u r e  i s  t h e  one t h e  p i l o t  
s h o u l d  use  i n  t h e  marking p r o c e s s .  The landmark must b e  a 
f a i r l y  l a r g e  f e a t u r e  t o  make t h e  i d e n t i f i c a t i o n  p r o c e s s  easy .  
I t  i s  d i f f i c u l t  t o  e s t i m a t e  t h e  p o s i t i o n  e r r o r  r e s u l t i n g  from 
t h i s  ambigu i ty  b u t  i t  seems r e a s o n a b l e  t h a t  2' r e s o l u t i o n  
w i l l  b e  p o s s i b l e .  The r e s u l t i n g  p o s i t i o n -  e r r o r  can  t h e r e f o r e  
b e  es t imated t o  be  t h e  same as t h e  one  a s s o c i a t e d  w i t h  LPD 
e r r o r s .  

The l a n d i n g  r a d a r  r a n g e  e r r o r  i s  1.5%(5), a d d i n g  
t o  t h e  d i f f i c u l t y  o f  he igh t  e s t i m a t i o n .  A small amount o f  
c o u p l i n g  w i t h  t h e  c r o s s  range  may be removed i n  e a r l y  s tages  
as p r e v i o u s l y  e x p l a i n e d .  The a l t i t u d e  e r r o r  v a r i e s  f rom abou t  
500  f t  a t  3 5 , 0 0 0  f t  a l t i t u d e  t o  2 0 0  f t  a t  1 3 , 0 0 0  f t  a l t i t u d e  
( 3 0  seconds  b e f o r e  h i g h  g a t e ) .  

The p i l o t  r e a c t i o n  t i m e  may b e  assumed as l / l O t h  o f  
a second ,  c a u s i n g  a r ange  e r r o r  o f  250  f t  a t  t h e  f i r s t  landmark 
and  1 5  f t  a t  t h e  l a s t  landmark. T h i s  e r r o r  i s  n e g l i g i b l e  s i n c e  
t h e  p i l o t  a n t i c i p a t e s  t h e  pas sage  o f  t h e  p o i n t  under  t h e  LM 
and  t h e r e f o r e  h i s  r e a c t i o n  t i m e  i s  ve ry  s h o r t  (6) . 

Adding a l l  t h e  p o s s i b l e  e r r o r s  a t  h i g h  g a t e  and 
assuming t h a t  t h e  gu idance  sys t em g u i d e s  t h e  LM t o  h i g h  g a t e  
as computed a t  t h e  l a s t  l a n d m a r k ,  i t  i s  found t h a t  t h e  LM i s  
w i t h i n  l ess  t h a n  a thousand f e e t  o f  nominal  h i g h  g a t e .  With 
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t h i s  a c c u r a c y  t h e  l a n d i n g  p o i n t  may b e  i d e n t i f i e d  a l m o s t  imme- 
d i a t e l y ,  s a y  w i t h i n  30 seconds .  For t h e  45O l a n d i n g ,  1 , 0 0 0  f t  
r e d e s i g n a t i o n  a f t e r  h i g h  g a t e  i s  es t imated  t o  c o s t  l e s s  t h a n  
20  f t / s e c .  

The t e n t a t i v e  cho ice  o f  a 45" l a n d i n g  can  now be  
e x p l a i n e d  i n  terms o f  t h e  e r r o r  a n a l y s i s  and o t h e r  c o n s i d e r a -  
t i o n s .  The p o s i t i o n  e r r o r s  r e s u l t i n g  from landmark i d e n t i f i -  
c a t i o n  a re  p r o p o r t i o n a l  to t h e  d i s t a n c e  o f  t h e  landmark from 
h i g h  g a t e .  I f  t h e  t r a j e c t o r y  i s  a p p r e c i a b l y  f l a t t e r ,  t h e  LM 
has a h i g h e r  v e l o c i t y  a t  h i g h  g a t e .  It  i s  t h u s  f a r t h e r  from 
h i g h  g a t e  a t  any g i v e n  t ime-to-go on t h e  f l a t  t r a j e c t o r y  t h a n  
i t  i s  on t h e  45" t r a j e c t o r y  a t  t h e  same t ime-to-go.  The 
r e s u l t  i s  t h a t  t h e  f i r s t  landmark i d e n t i f i c a t i o n  w i l l  p r o b a b l y  
o c c u r  f a r  enough uprange t o  b e  u s e l e s s .  The ambigui ty  o f  t h e  
landmark l o c a t i o n  r e l a t i v e  t o  h i g h  g a t e  may be l a r g e r  t h a n  
t h e  e r r o r  t o  be  c o r r e c t e d .  On t h e  o t h e r  hand ,  i n c r e a s i n g  t h e  
l a n d i n g  a n g l e  w i l l  n o t  improve t h e  a c c u r a c y  o f  t h e  t r a j e c t o r y  
s u f f i c i e n t l y  t o  j u s t i f y  t h e  a d d i t i o n a l  f u e l  e x p e n d i t u r e .  I n  
a d d i t i o n ,  t h e  LM w i l l  be n e a r e r  t o  a "dead man's"  t r a j e c t o r y .  
The c h o i c e  o f  45' l a n d i n g  m u s t  b e  t e s t e d  by  s i m u l a t i o n s .  I f  
i t  i s  found t h a t  t h r e e  landmark i d e n t i f i c a t i o n s  a re  s u f f i c i e n t  
or t h a t  t h e  i d e n t i f i c a t i o n  p r o c e s s  r e q u i r e s  l e s s  t h a n  30 s e c o n d s ,  
t h e  a n g l e  c o u l d  be  smaller ,  and v i c e - v e r s a .  

Although t h e  g e n e r a l  tasks which w i l l  have t o  be  
c a r r i e d  o u t  by  t h e  crew d u r i n g  l a n d i n g  have been  i d e n t i f i e d ,  
t h e  e x a c t  t ask  s c h e d u l e  has n o t  y e t  been  p l a n n e d .  

FURTHER STUDY 

The main problems t o  be  s o l v e d  t o  comple te  t he  
f e a s i b i l i t y  s t u d y  a r e :  

1. S i m u l a t i o n s  o f  landmark i d e n t i f i c a t i o n s  

2 .  C r e w  a c t i v i t y  schedu le  r e - e v a l u a t i o n  

3 .  Radar a r t i c u l a t i o n  p rob lems ,  and a n t e n n a  l o c a t i o n  

Some o f  t h e  d o u b t s  as t o  t h e  v a l i d i t y  o f  t h e  l a n d i n g  p r o c e d u r e  
o u t l i n e d  above canno t  be r e s o l v e d  w i t h o u t  s i m u l a t i o n s  and 
e x p e r i m e n t s .  However, mi s s ions  t o  s c i e n t i f i c a l l y  i n t e r e s t i n g  
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l u n a  
have 
s t r a  
t h e  
comp 

.r f e a t u r e s  may impose l a n d i n g  c o n d i t i o n s  l i k e  t h o s e  t h a t  

. t egy  i s  i n a d e q u a t e .  The c h o i c e  i s ,  t h e r e f o r e ,  t o  f o r e g o  
e x p l o r a t i o n  o f  f e a t u r e s  where gu idance  problems a re  more 
l e x  or to t r y  and  modify t h e  gu idance  method. 

been  d e s c r i b e d .  I n  t h e s e  c a s e s  t h e  Apol lo  LM l a n d i n g  

2015-IS-hj t 

A t  t a c hmen t s : 
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APPENDIX 

METHOD OF APPROXIMATION OF LM DESCENT TRAJECTORY 

The o b j e c t i v e  o f  t h e  a p p r o x i m a t i o n  was to o b t a i n  a 
rough es t imate  of t h e  p o s i t i o n  and a l t i t u d e  of t h e  LM up to 
200 s e c o n d s  p r i o r :  t o  h i g h  g a t e .  T h e s e  d a t a  were needed to 
d e t e r m i n e  t h e  f e a s i b i l i t y  o f  t h e  landmark i d e n t i f i c a t i o n  p r o -  
c e d u r e  and t h e  s t e e p n e s s  of t h e  s l o p e  which w i l l  be n e c e s s a r y .  

The basis of t h e  c a l c u l a t i o n s  was a computer  o u t p u t  
o b t a i n e d  from F .  Heap. The o u t p u t  i n c l u d e d  d a t a  a b o u t  t h e  
s t a t e  v e c t o r ,  t h e  p i t c h  and t h e  mass o f  t h e  LM a t  d i f f e r e n t  
p o i n t s  a l o n g  t h e  a p p r o a c h  p a t h .  The  problem was t h a t  no d a t a  
were a v a i l a b l e  for t h e  280 seconds  p r i o r  to t h r o t t l e  r e c o v e r y .  

s i m p l i f i c a t i o n s :  (1) f l a t  moon a p p r o x i m a t i o n ;  (2) c o n s t a n t  
p i t c h  r a t e  ( b a s e d  on t h e  d i f f e r e n c e  i n  p i t c h  f rom t h r o t t l e  
r e c o v e r y  and 280 s e c o n d s  p r i o r ) ;  (3) t h i r t y  second t ime 
i n t e r v a l s  f o r  t h e  i n t e g r a t i o n  o f  t h e  e q u a t i o n s  o f  mot ion .  

The  a p p r o x i m a t i o n  scheme i n c l u d e d  t h e  f o l l o w i n g  

The d a t a  o b t a i n e d  a r e  summarized i n  F i g u r e  4. 
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